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. . . Abstract 

CNj ■ In this paper, we try to give a new approach! to the quantum mechanics from the point of view of (non-relativistic) quantum field theory. 

' After field quantization, we obtain the Heisenberg equations for the momentum and coordinate operators of the particles excited from the 
. (Schrodinger) field. We then give the probability concepts of quantum mechanics on the base of a statistical ensemble realizing the ensemble 
interpretation. With these, we make a series of conceptual modifications to the standard quantum mechanics, especially the quantum mea- 
^ ' surement theory; in the end, we try to solve the EPR paradox with the use of our new ideas. In addition to the mail text, there are also three 
^ , appendices, where in the first one, we give a field theoretical description to the double-slit interference experiment, obtaining the particle 
number distribution. And in appendix 2, we propose an operable experiment to distinguish the Copenhagen interpretation and ensemble one 
from each other by very different experimental results. In the last appendix, we make a simple analysis about the the problems of causality and 
locality implied in the mathematical structure of field function, which could be solved by the ensemble interpretation conceptually. 
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I. INTRODUCTION 



Quantum theory is known as one of the most powerful theory in the last century. It provides an elegant method to describe 
the physics of micro-world. Although, its explanation is so complicated and obscure, that the Nobel Prize-winning physicist 
Richard P.Feynman said that "I can safely say that nobody understands quantum mechanics"[l]. 

From the standard point of view, quantum theory includes two parts, one is the quantum mechanics(QM) which controls the 
behavior of quantum particles, for example, the electrons; the other part is the quantum field theory(QFT) which gives the rules 
for the fields, such as electromagnetic field. However, from the QFT[2], we find that the particles can be treated as quantum 
excitations of the correspondent fields, for example, the electron is excitation of electron field or Dirac field. Since particles are 
quantum excitations of fields, whether QM could be obtained from QFT seems to be an interesting question[3]. We will show 
below that this is possible, even it provides a new and natural interpretation to QM. 

In the rest of this paper, we first study a non-relativistic field theory, the so called Schrodinger field. We will obtain the 
Schrodinger equation as field equation, and the Heisenberg equations for the momentum and coordinate operators of the particles 
after the quantization of the field. Then we give the probability concepts of QM on the base of a statistical ensemble, and make 
a detail study on the ensemble interpretation [4]. With these, we then make a series of conceptual modifications to the standard 
quantum mechanics(SQM, that is the "Copenhagen Interpretation" ), especially the quantum measurement theory. We also try to 
solve the EPR paradox with the use of our new ideas, i.e. the field theoretical language. In addition to the mail discussions, three 
appendices are also proposed, where in the first one, a field theoretical description to the double-sht interference experiment is 
developed, obtaining the particle number distribution. And in appendix 2, an operable experiment is proposed to distinguish the 
Copenhagen interpretation and ensemble one from each other by very different experimental results. In the last appendix, we 
make a simple analysis about the the problems of causality and locality implied in the mathematical structure of field function, 
which could be solved by the ensemble interpretation conceptually. 



II. NON-RELATIVISTIC SCHRODINGER FIELD 



Schrodinger field[5] is useful in (low energy) many-particle physics in which the particle number is invariant. The La- 
grangian is 



dtd^x[iifr >j/(t, x) - —dil/*d4r(t, x) - ifr*i//{t, x)y(x)], (1) 
2m 



with V{x) an external potential like the Coulomb potential. For simphcity, we don't consider the field self-interactions Vii//) 
which is needed in the real physical situation. In fact, in QFT, relativistic or not, interactions are treated well with the use of 

Feynman diagrams. 

From eq.(l), we will find that the field equation is just the standard Schrodinger equation 

i-^=-^ + V{x)il,. (2) 
at 2m 

which is familiar to us, and it can also be obtained from the relativistic ones Uke the Dirac equation in the non-relativistic Umit. 
In SQM, the Schrodinger equation is known as the quantized equation of a particle, with the wave property. 

However, in QFT, after the field quantization, the particles manifest themselves, and they satisfy the field equation automati- 
cally. With the canonical quantization, Schrodinger field will satisfy the communicative relations 

\il,{x),il,-^{y)]^=6\x-y), (3) 

with the minus for bosons, plus for fermions. 

In field theory, we need consider the space-time symmetries of the Lagrangian, for example the space-time translation sym- 
metry 

^^^x^+a", (4) 
from which we obtain the energy and momentum operators. Then from (1), we will have 

H= { d^x[^dilf^dil/{x) + ilf^ilf{x)V{x)\ (5) 
J 2m 

P = J dht/f\-id)il/ix). (6) 
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In addition, we can define another two operators 



X= J dhifrhifrix) (7) 
N = J (fxi//^i//ix), (8) 



the coordinate and particle number operators. 

With these operators, we can have the following relations 



[H,N] = 0, (9) 
[H,P]=i J d^xfdVix)iJ/ix), (10) 



[H,X] = d^xfdil/{x), (11) 



-- [ d'xi 
m J 



by using the communicative relations in eq.(3) for both the boson and fermion cases. As is known, H generates the time 
translation for an arbitrary operator^ 

[H,0] = -id, (12) 

so are eqs.(9)-(l 1). Eq.(9) says that the particle number is invariant, the other two are the familiar Heisenberg equations of the 
momentum and coordinate operators. Since all these operators can be represented with the creators and annihilators, then the 
field could be treated as a collection of particles, in the Fock space. If we denote a single-particle state as |1 >, and let eqs.(lO) 
and (11) operate on it, we then have the SQM for single particle. In fact, eqs.(lO) and (1 1) teU us that aU the particles satisfy the 
SQM. 

Up to now, we have obtained all the SQM equations, one is the Schrodinger equation (2) as field equation, the other is the 
Heisenberg equations (10) and (11). Further, we could obtain the Heisenberg uncertainty relation which is believed to be the 
most important property in SQM 

[Xi,Pj] = i6ij j dhiff^if/ix). (13) 

Similarly, we can let it operate on 1 1 > to get the relation for single particle in SQM. 

We can assign an intuitive physical picture for the above discussions. In relativistic QFT, from the Feynman diagrams, we 
know that a particle with state iE,p) will become a particle with state {E',p') under some interaction. This means that, in high 
energy regime, the states(energies and momentums) changes arbitrarily at any time, even particles can be created or annihilated 
arbitrarily, too. However, in the low energy regime, the energy and particle number may be unchange in a physical process, 
and the changes of a system(collection of particles) will be so soft and regular macroscopically that we could trace them well. 
And it seems that the energy(or Hamiltonian) of a system is a powerful tool which will generate all the time translations about 
the system, as in eqs.(9)-(l 1). What we should do is to find out the spectrum of the Hamiltonian, or the stationary states of the 
system. 



m. PROBABILITY CONCEPTS FROM QFT 

Since the particle number is an invariance, we can normalize all the field functions to obtain the so called wave functions 
in SQM. Besides, the statistical property of the collection of particles in the field theory wiU be conversed to the probabihty 
property of single particle. 

Assuming that if/it, x) has the energy expansion^ 

ij/it, x)^^ anil/nix) expi-iE„t), (14) 



The general form of eq.(12) is actually [H, O] = SO for arbitrary variation, and if the variation is somewhat sensible macroscopically, we can describe it with 
a parameter t, the time. 
^ For simplicity, we assume that there is no state degeneration. 
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from it, we can obtain that, in SQM, the probabihty for a particle to be at state n is^ 



J cPx\lf*{x)\ff{x) / d^xiff*ix)iffix) 
Then, a possible field theoretical generalization could be * 

< J d^xi//^x)if/ix) > < Z„ala„ > 

with notation > standing for many-particle state |ni, ni, • • • > in Fock space^. 

It seems that eqs.(15) and (16) could be identical, with the meaning that, among the particles excited from the field, the 
probability for the particle picked up at state n is in fact the ratio of the particle number at this state by the total particle number. 
With this identification, the mean value of some physical quantity, for example, the energy, is 

E = <^> ^ < Enulan > ^^^^ 

< / d^xi/fKx)i/fix) > < 'Z„ala„ >' 

with H in eq.(5). 

Obviously, eqs. (16)and (17) are more familiar to us, based on the traditional probabihty concepts which come from the 
statistical property of a collection of particles. Furthermore, it even seems that they are describing some statistical ensemble. In 
other words, the particles excited from the field compose a statistical ensemble. 

In order for the identity for eqs. (15) and (16), we make an important assumption that, the state of every single particle is 
definite and unique (but unknown to us if without any measurement), as long as there's no disturb, which is very difi'erent 
from that in SQM. This is an extension of the Newton's first law with the velocity replaced by the state. Then the ensemble 
\n\,n2, • • • > is made up of particles with difi'erent kinds of states so that eq.(16) is proper. 

One important example of the above ensemble is a sample of particles in an experiment about a physical process, in other 
words, all the particles in the sample come from a physical process such as a scattering. It is certain that the sample must contain 
some property of the physical process, for example the scattering distribution, which can be studied by the ratios of the particles 
in all the angles. And what the scattering distribution could tell us is just the probability for one particle to be observed in one 
angle, which can be solved by SQM or QFT. Therefore, weather we normalize the field function or not, the physical process 
which can be described by the theory is the same, in other words, SQM and QFT are physically identical. Since the SQM could 
be obtained from QFT as shown in the last section, the probabihty concept could be realized with the use of the ensemble. 

Now, let's consider a simple example. In the SQM, supposing that there is a state for a single particle^ 

\^>= ^\l>+e''^'''^^\2>, (18) 

and from eq.(15), this state says that, the probabihty for this particle to be at state 1 is |, and to be at state 2 is |. We can also 
construct the density matrix 

10 X 01 = ^|1>< 11 + ^2 ><2| 
a/2 

+ _l_(e-'*.*)|l X 2| + e'*'*>|2 >< 1|). (19) 

According to the above discussions, the probability properties of single particle could be from the statistical properties of the 
ensemble of particles. Then, there must be an ensemble of particles denoted by a many-particle state 

|l,l,---l;2,2,---2 > . (20) 

N 
3 



^ Here, the time is ignored because tliey are stationary states, the same below. 

For the continuous case like i.e. energy density, we have the probabihty density P(oj)dw = J^aHi!!)a(cii)> ' 
^ In fact, as we will show below, |ni,n2, • • • > is just a simple notation for states related with some ensemble. Then those particles in \ni,n2, • • • > are copies of 

a single particle. 

* We have assigned an arbitrary phase term which could be space-time dependent. And we will see below that this important phase term usually comes from 
interactions, Uke a measurement. 
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The meaning is obvious, i.e. within the A'^ particles, j are at state 1, the rest are at state 2. And the density matrix for one particle 

is 

p= i|l ><1| + ^|2><2|. (21) 

Comparing with eq.(19), the ofF-diagonal terms disappear, this is one of the important distinctions between our statistical ensem- 
ble and the SQM. 

Now, if we normalize the field function, a possible field expression is as follows^ 

<^^W|0 >= ^|lflix)\l > + ^<*5W|2 > . (22) 



Then let's consider the following expression 

J dh(f>\x)\0 >< 0\(f>ix), (23) 
which is just the intermediate section of two propagators 

dyod^y < 0\i/fixo, x)iff^ (yo,y)\0 >< 0\tf,(yo,y)>ffHzo, z)\0 > . (24) 



With the orthonormalization conditions, eq.(23) is just the density matrix in eq.(21)! All these confirm our ideas above. We can 
also obtain the mean value of a physical quantity, for example, the energy 



- 2 < "I Jd' 



E = Tr(pH) I d^x(p\x)\0 >< O|0(x)//|n > 

= ^Ei + ^E2. (25) 

Considering an interaction term B(x), we have the density matrix 

d^xtff\x)\0 > B{x) < Q\\l/{x) = Bmn\m >< n\, (26) 
with Bto, the transition amplitude 

Bm„ = j d^xr,nix)B{x)ilfn{x). (27) 

Now, let's take a look at A', the particle number in the ensemble. From the above example, it seems that A' could be any 
number, and it's actually so. The reason is that the ratios of particles with different kinds of states are almost fixed for an 
ensemble corresponding with a physical process, and just like the law of large numbers in probability theory, we need to take 
A' — > oo in the real situations. The above ideal example is only for showing how to transform the ensemble (20) into the QM-like 
formalism eq.(22), i.e. normalize the field functions, and obtain the density matrix for a single particle in eq.(23). 

In fact, the above single-particle ensemble is a special one with fixed probabiUties. A general one can be described as follows, 
treating the particle as a system, and since we can't know the exact state of this system without any measurement, we would 
have to list all the possibilities, i.e. the particle at state 1, or 2, or . . .etc. For every possibility, there will be a corresponding 
probability. Pi, P2, . . . etc. Then a state for the ensemble(or ensemble state) will be 

V^|l > V^|2 >+•••-!- e'*" yfF„\n >+■■■, (28) 

which is an extension of eq.(18), and easily to see it has the same form with a general state in SQM. If we would like to know 
the exact state of the particle, we have to observe it, and obtain that the particle is in fact at some define state, for example, k. It 
seems that there is the so called quantum coUapse here, as in SQM, but no! 



Here |1 >= a||0 >, and the phase term in eq.(18) are already absorbed into the eigenfunctions. In fact these phase terms can be obtained from the field 
theoretical description like eq.(27) below. 



5 



Noting that the state in eq.(28) is for the single -particle ensemble, not for the particle, this means that there must be a realization 
to the ensemble, and the example above is one related with a physical process with definite probabilities for each state. We could 
also realize the ensemble artificially by collecting particles with arbitrary ratios at will. The collapse due to observation related 
with eq.(28) can be explained with a famiUar example. Supporting there are three balls with red or blue colors in a bag, and 
further we know that there are one red ball and two blue ones. Then from these, we know that if we pick a ball arbitrarily, it can 
be red or blue ,and the probability for it to be red is ^, | for blue, then it could be described by the state in eq.(18). However, if 
we observe it and find that it is blue, then how to explain this observation? Is there also a collapse classically? The only reason 
is that the concept of ensemble is just a useful tool, and QM or QFT is a realization of it physically by collecting the copies of 
the particle conceptually. The reason for using an ensemble is that we can '[ obtain the exact information of a system without any 
measurement and can only list all the possibilities with corresponding probabilities. Therefore, to a certain extent, QM is much 
more consistent with the ensemble interpretation. 

We can extend the single-particle ensemble described above to a general N-particle one which is usually seen in the statistical 
mechanics or many-particle physics. Considering Af(identical) particles within k states (without degenerations), we can describe 
them as 

(A'"(xi)(A'"(x2)---iA"'"(^w)|0>, (29) 
with bosons symmetric and fermions anti-symmetric among the fields. With the expansion (14), eq.(29) can be rewritten as 

2 ^]e''^"Ka\r{alr ■ ■ ■ (al)"*|0 >, (30) 

withP[nj] the probabiUty for a possible distributions [nj] with m particles in state 1, n2 particles in state 2, etc. and the sum is 
over all the possibilities. With specific conditions for bosons and fermions, we could further obtain the Bose and Fermi statistics. 

It's easy to see that eq.(30) is also an ensemble state for an N-particle ensemble, the extension of eq.(28). And the reason for 
using an ensemble to describe the N-particle system is the same with the single-particle ensemble, i.e. we don't know the states 
for all the particles to specify the state of the system without measurements. Further, in this case, the situation is much more 
complex than the single-particle case because of the large number of the particles and interactions among them. Therefore, we 
can only describe the system with the method of statistical mechanics by finding out the most possible distribution in eq.(30). 

In order to understand these, let's take a look at the above simple example again, with N = 1, that is three particles within two 
states. We take the boson case, and it's easy to see that there are four possibilities with density matrixes^ 

Pi = |1 X 1| (31) 
P2 = ^|1 X 1| + ^2 X 2| (32) 

P3 = ^|lxl| + i|2><2| (33) 
P4 = |2 X 2|. (34) 

If the four distributions have equal probability^, i.e. j, then the final result for single particle is 

P = \ipi +P2 +P3 +P4) = ^(|1 X 1| + |2 X 2|). (35) 

In fact the N-particle ensemble is built up with the single-particle ones for each particle, which can be seen from eq.(29), with 
each field function ij/^ixj) standing for a single-particle ensemble. This can also be seen by noting that density matrix in eq.(32) 
has the same form as that in eq.(21). 

In SQM, the state in eq.(18) is a superposition state, which is related with the principle of superposition of states. However, 
from the view of point of ensemble, the state in (18) is not real physically, but a state for an ensemble, as in eq.(28). Therefor, it 
seems that in QM, the principle of superposition is suitable for the field, in other words, the collection of particles with different 
states i.e. the ensemble. We will make detail discussions on these in the next section, which give some modifications to the 
SQM. 



* The four density matrixes are for single particle, while the density matrixes for the system are, for example (aj )'|0 >< 0|(ai)' corresponding to p\ in eq.(31), 
similarly for the others. 

' This is only an assumption, and for large N we could obtain the most possible distribution from the statistical mechanics. 
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IV. CONCEPTUAL MODIFICATIONS TO THE SQM 



Based on the field theory descriptions above, in this section, we will give a series of modifications to the SQM, and make 
some detail discussions on the superposition principle and quantum measurement theory. 

(l)The wave function, or the probability amplitude t//(t, x), is in fact a field distribution in space-time, it's real in nature. In 
addition, the Schrodinger equation is non-relativistic field equation, as in eq.(2). 

This is the result of section II, where the Schrodinger equation (wave form) and Heisenberg equations (particle form) are both 
derived from field theory. The meaning for the latter is clear, while the Schrodinger one is ambiguous because in SQM it is 
rewritten in the following form 

i-m)>=H\m>, (36) 

at 

with H the Hamiltonian operator for single particle. What it can tell us is the evolution of the state of the particle, somewhat 
deterministic, that is given the state at some time to, it could determine the state thereafter. With the notice of footnote 1, it seems 
that the time evolution is sensible macroscopically to us, so it should not be suitable for the quantum state which could change 
arbitrarily, especially in high energy regime. However, the original Schrodinger equation (2) is about the time evolution of the 
field 

i^M,x) = -[H,,l,it,x)], (37) 
ot 

with H the Hamiltonian of the field as in eq.(5). And the field is sensible macroscopically to us both classically and in the form 
of collection of quantum particles. Then, eq.(37) tells us how the field varies if the states of the particles exciting from it change 
arbitrarily. Therefore, the Schrodinger equation as field equation is much more proper. 

{2)The probability f d^xif/*i//it,x) in SQM corresponds to the particle number operator J d^xi//^i//it,x), then the probability 
conservation in the SQM is in fact the conservation of total particle number in non-relativistic QFT. 

As described in section III, the probability concept for single particle comes from the statistical concepts in a statical ensemble 
like the one in eq.(20) or (28). And in order for the identity of eqs.(15) and (16), we have made an important assumption, the 
state of every single particle is definite and unique (but unknown to us if without any measurement)^^ . Of course, this is very 
different from the assumption in SQM, where the state for single particle could be the superposition of states in the following 
form^^ 

\ilf{f) >= Yj > expi-iE„t), (38) 

n 



with a similar form as eq.(14). However, since eq.(36) seems to be not proper as described above, the state in eq.(38) may also 
be meaningless physically. One may say that, if we use the operator cxp(-iHt) to operate on the state in eq.(28), we would 
obtain eq.(38). It dose mathematically, but not physically. The reason is that the ensemble state in eq.(28) is not a physical 
state, and we should realize it by collecting copies of a single particle conceptually, not physically, so the physical space-time 
dependence should not be included in this way. Instead, as shown in eq.(37), the operation should be operated on field physically, 
in other words, we have to include the space-dependence functions, just like eq.(22). In fact, the problem is the identification 
tj/(t, x) =< x\i//(t) >-< X, t\i// > in SQM, which is meaningless in QFT formalism We will give the reason in some detail in 
the appendix, by showing the relation with path integral formalism. In one word, state in eq.(38) is meaningless physically, so is 
eq.(36). All these involve the so called "the superposition principle" in QM, and now let's see how to interpret it properly. 

In SQM, the superposition principle says that, if t/zi and tl/2 are both the states of a system, then the linear combination 
a>//\ -H /3i/f2 (with a and y8 arbitrary complex numbers) is also a possible state of the system. This principle can be proved not 
strictly by the linearity of the Schrodinger equation. It also could be seen roughly from the expansion (14) or (38), which could 
be interpreted to be superposition for single particle state in SQM. But the field theoretical form (14) also may be interpreted as 
followed, the states are all the possibilities for the particles which could be excited from the field, and since we have assumed 
the definite and unique for single particle, the concept of ensemble is needed. Then we could have the following modification 

(3)The superposition principle is suitable for the field, that is an ensemble of particles, or ensemble states in eqs.(28) and 
(30), not for a single one. 



We could know the state only if we had observed it, i.e. interacted with it. 
" As we have shown in the last section, eq.(38) is actually of the form in eq.(28), i.e. a state for ensemble. 

See eqs.(79)-(84) and the related discussions in the appendix. In fact, the term in eq.(22) is not an actual field, because it dose not satisfy the communicative 
relation in eq.(3), though it satisfies the field equation. 
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In fact, the superposition principle in SQM is so strongly dependent on the linearity of the Schrodinger equation that if we 
include the self-interaction terms into the action in eq.(l), the result equation is non-linear and hard to solve, and the expansion 
in eq.(14) is useless. However, from QFT, we could use the expansion for field as well to obtain the propagator for computing 
Feynman diagrams for interactions. 

Up to now, we could not decide which principle (SQM or ours) is much more physical, because it needs to combine the 
assumption of the quantum measurement. As is known to us, in SQM, there is the so called mysterious quantum collapse due 
to the superposition principle. However, there is nothing abnormal from our view of point, which wiU be discussed in the next 
section^^. 

In the rest of this section, we will introduce some examples about the superposition principle suitable for both the SQM and 
QFT mathematically. 

First of all, let's distinguish two concepts, superposition state and superposition of states^^. Easily to see, the former is 
included in the latter In fact, superposition of states can be expressed mathematically as a^i + j6i^2 + ■ ■ ■• However, the 
superposition state must be a physical state in nature, and mathematically has the form of superposition of states. This means 
that if we have a physical state if/ can be expressed as 

ijy = aiAi +m, (39) 

with some fixed numbers a and yS, this mathematical expression is just a convenient relation for some analysis. 

Now let's introduce a class of superposition state. The first example is the eigenstates of momentum exp(ip ■ x) which can 
be expressed mathematically as the combinations of some special functions like spheric harmonics functions, and vice versa. In 
QM language, these are the transformations between momentum and angular momentum states^^ 

{\PUP2,P3 >} ^ {\n,l,m >}. (40) 

The second example will be used in the next section. It involves the spin states of electrons, i.e. | f j> and | 4,j.>, and for any 
direction h - (sin cos (p, sin sin (p, cos 0), we have | tn> and | i„>. There are transformations between them , for example, 

6 

I T„>= e-'-^ cos -I Tj> sin -| i,> . (41) 

Then, we have similarly 

{ITz>,Uz>)^{IT«>,li«>). (42) 

The last example is about the coupling of angular momentums. In order to understand it, we first give a simple example 
which involves the same essence with the coupling of angular momentums. Suppose that there are two particles 1 and 2 with 
states {{Ei,pi)} and {(E2, pi)] respectively. Easily to see, this description is in the lab frame, and we can also describe them in 
the center-of-mass frame with states [(Ec, P), (E, p)] representing energy of the center-of-mass frame, total momentum, relative 
energy and momentum, respectively. Then we have the relations for states as eqs.(40) and (42). In fact, the coupling of angular 
momentums operates similarly, and we will have the following correspondence for two angular momentums Ji , J2 

{\ji,mu 72, OT2 >} ^ m >}, (43) 

with the CG coefficients in the relations between them. 

Obviously, the above examples satisfy the conditions of superposition state, physical and superposition of states. The reason 
for put them into one class is that there are states transformations for all of them, such as eqs.(20),(42) and (43). Furthermore, we 
can see that all these transformations are related with the coordinate transformations, (40) for Cartesian coordinate and spherical 
coordinate, (42) for rotations on a sphere, and (43) for transformations between lab frame and center-of-mass frame'^. And 
according to the Wigner theorem, all these transformations between the states are all unitary with fixed coefficientsiup to some 
overall phase terms), the last key condition for the superposition state. 

Now let's have a look at eq.(18) again, and easily to see, it's superposition of states. However, if it was also a superposition 
state, what its quantum numbers are? Further, the coefficients are not fixed, especially there could be an arbitrary phase difference 
exp(jj) between them. Therefore, the state in eq.(18) is not a physical state of single particle, just an ensemble state. The same 



We have already a simple explanation below eq.(28) in the last section. 

These concepts may be different from those in SQM, but the discussions below will be self -consistent. 
This is not a familiar example, so it's not typical. 
i« With frame transformation X = ^^^1^^. 
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things happen to the state in eq. (28) which describes a general statistical ensemble. Therefore, we can conclude that the ensemble 
state as in eqs.(28) and (30) are not superposition states, only superposition of states. 

In one word, in our familiar examples, superposition state appears only in the cases as eqs.(40),(42) and (43). And the ex- 
pressions hke eq.(41) are only the mathematical transformations between states. When there are interactions, the coefficients of 
those expressions would obtain some arbitrary phase terms, then the condition of fixed coefficients is broken, and the superpo- 
sition state will change into ensemble states. All these will be shown in the next section, where the interaction is the quantum 
measurement, and which superposition principle(SQM or QFT) is much more proper will also be clear. 



V. QUANTUM MEASUREMENT THEORY 



As we know, there's a so called quantum collapse in the quantum measurement theory of the SQM. The reason for this concept 
is the superposition of states of one single particle. Supporting that the initial state of a particle is of the form eq.(38), then after 
a quantum measurement, the state will collapse into one of the states n, for example. And according to the SQM, the whole 
process will be instantaneous and irreversible. In fact, we have show below eq.(28) that, the states usually used in SQM are not 
for one particle but for a single-particle ensemble, and the so called "collapse" happens only metaphysically or logically as in the 
probability theory, not real in nature. However, there are still some superposition states that have analyzed in the last section, as 
in eq.(41). According to SQM, collapse happens still for them, but as we wiU show in this section, there is a consistent quantum 
measurement theory for these superposition states to assure that nothing unusual will happen. 

Now, let's consider a quantum measurement, the famous Stern-Gerlach experiment for measuring the spins of electrons. 
However, let's first replace the non-uniform magnetic field with a uniform one'^. Let the electrons with spin | t^> travel in the 
magnetic field, obviously there's no deflection for the electrons. With the interaction B h,h = (sin 6 cos <p, sin 6 sin (p, cos 6) for 
any direction, the final state will be^^ 

e-'"' cos ^ I T„> +e'"' sin ^ | i„ >, (44) 

a superposition of states. Then, let anther sample of electrons with spin | '\^> travel in a non-uniform magnetic field, i.e. the 
Stern-Gerlach device. As we know, they will deflect into two directions, with definite spins | tn> or | J,„>. These two situations 
are similar physical processes, but according to the SQM, the conclusions for the state of one single electron are completely 
different. 

In fact, the above two situations can be described in the same way with the field theoretical language. Here, the field expansion 
could be^' 

iffit, X) = tfr^^it, x) + ifri^it, x) 
= Jd^piap^^u.^+a.^^u^y^^^-^^'K (45) 



with spinor representation 



And the interaction term is 



«T. = (o) (46) 



Hi = J dhi/f\x)a ■ Bix)i/fix), (47) 

then the evolution is 

sxp{-iHit)\ T,>, (48) 



In the second appendix, we will propose an operable experiment to test which interpretation is more proper, the Copenhagen or ensemble interpretation, 
ai = \e\B/2mi,. We can see that, the relation between | tz> and | 1„> \ l„> is changed by the interaction with the phase terms e*'"' added in, which are 
discussed in the end of last section. Then, the state in eq.(44) is not a superposition state, although it was before the interaction. 
A possible identity is atz"Tz '^lz"lz ^ "U^U '^In^'U- 
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with eq.(44) specific for the uniform magnetic field^". Furthermore, with e'^* ^p'^ substituted, eq.(44) can be rewritten as 

gi[px-(E+<o)t] ^ I > _^_gilpx-(E-u)t] sm^\i„>, (49) 

i.e. the superposition of states with energies E + o) and E - ojfoi the excited particles. 

There are two interpretations on eq.(44), one is the SQM version, assigning a state vector \(p(t) > describing the evolution 
of the state around the sphere; the other one is the QFT version eq.(49) in which the time phase terms are parts of the plane 
waves, exp i[px -(E± a))t]. Which one is more proper, the criterion is from the quantum measurement. In SQM, | tz> collapses 
irreversibly into | tn> or | J,„>, with the probabiUties | cos |p and | sin respectively. However, with the expression (41), under 
another measurement, | tn> may collapses irreversibly back into | fz> again. It seems that a combination of two irreversible 
processes could be reversible. In one word, these statements seem to be obscure. 

However, with the field theoretical language, whatever the magnetic field is uniform or not, the descriptions and the conclu- 
sions are definite and unique. From eq.(44) or (49), according to the section III, we can conclude that, among the sample of 
electrons with spin | tz>, I cos |p of them whose states will become | tn>, the others will be | i„>. Then for one single electron, 
the probability for its state to become | t«> is | cos |p, which is just the conclusion of the SQM. Remind that we have assumed 
in section III that the state for single particle is definite and unique, so from | !-> to | tn>, and | t„> back to | tz> are all about 
the state transitions which are unitary without any collapse. In fact, the state in eq.(44) or (49) is an ensemble state. Therefore, 
we have the conclusion that the superposition state will change into ensemble states under interactions(measurements). 

Which description is more proper is now clear, and we can extend the above discussions to all of the superposition states. As 
for other superposition of states, the field descriptions(or ensemble concepts) are already proper. 

According to the example above, we can give the new quantum measurement assumption. 

{A)Quantum measurement is one kind of unitary field interactions. Under the measurement, the states of particles are un- 
change if they were just the eigenstates of the measured physical quantity already, or changed into some of the eigenstates if they 
were not. We could identify the states by the apparent different macroscopic behaviors, such as deflections in the above example. 
What we could obtain is just the probability of different kinds of processes, which is the task ofQFT.^^ 

With the modifications above, quantum collapse is completely avoided for the superposition states, where after the measure- 
ment the original superposition state would be broken into state of ensemble due to the arbitrary phase terms from interactions, 
as in eq.(44). And collapses only happen to those states of assembles metaphysically, not physically. In addition, the description 
is the unique (non-relativistic) QFT, which is a space-time local theory. Therefore, the so called non-locaUty in EPR paradox 
may be also avoided. 



VI. EPR PARADOX [6] 



We consider the example advocated by Bohm and Aharonov [7]. Let a pair of spin one-half particles formed in the singlet 
spin state^^ 

1^ >AB= 4=(l n>AB -I 1>Ab), (50) 

move freely in opposite directions. Assume that we make a measurement for the particle A, then according to the SQM, there 
will be quantum collapse, if A is found to be at | t>A, the state of B will be collapsed into | i>B. This collapse is instantaneous, 
so that we can construct two events in space-time, which are separated by a space-like interval, one is the measurement for A, 
the other is the one for B. Then the relativity causality and locality are violated. 

Obviously, the violation of causality and locality is due to the quantum collapse, which, as we have described above, could be 
completely avoided in the field theoretical language. In fact, as we have analyzed in section IV, the state in eq.(50) is an example 
of superposition states as in eq.(43). In addition to the state in eq.(50), there are another three, one of which is 

|a> >AB= ^(1 n>AB +1 1>Ab). (51) 



Then general frequency is of the form w(z) with z the direction of the magnetic field, and when the magnetic field is uniform, the frequency will be a constant, 
as in eq.(44). Further, (o(z)t ~ (z- zo)d(o(zo)t ~ Pz(z - Zo) i-e. the phase in time can be transformed into phase in space, representing the deflection in the z 
direction. 

The changes of the states of the particles manifest themselves in the change of the field function, i.e.6i//(x). 

Here, | t> can be at any direction, because of the total spin is zero for I^P >ab, so we can treat it as | tz>- This is special for this spin singlet, not for other BeU 
states, for example, U>ab +1 iT>AB)- 
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With these two states, we can express | Ti>AB as follows 

I n>AB= >AB M'f >Ab), (52) 

V2 

similarly for the other one. Then according to the quantum measurement in SQM, with a special quantum measurement, we 
could obtain the so called quantum entangled states, just like the case in the last section for the single spin states. These are also 
obscure, so we need the field theoretical language. 

All the things are already studied in the last section. What we need are eqs.(47) and (48) for the measurements. First, we 
make a measurement for A, after that, the state in eq.(50) will become 

4=(e""^'l T«i«>AB -e'^^'l Un>AB). (53) 

Then for B, we have^^ 

Of course, we have assumed that the directions of the magnetic field are the same for both the measurements, for difi^erent 
directions, the expression will be complicated. 
From eqs.(53) and (54), we can conclude that: 

(1) The total spin is not conserved during the measurements, which is understandable, because the interactions are spin depen- 
dent, there are angular momentum exchanges between the particles and the magnetic field (or the photons). Only if the directions 
of the magnetic field were the same for both the measurements, the spin in that direction would be conserved. 

(2) The measurements for A and B are independent, because they are field interactions, so we cannot construct two events 
which violate the relativity causahty and locality. 

(3) According to our ideas, the states in eqs.(53) and (54) are not superposition states because of the arbitrary phase terms, and 
from eq.(54), we could obtain that, the probabihty for the transition from |*P >ab to | Tnin>AB is one-half. 

Here is one important notation for eq.(53), from which one may say that, the state of B is changed instantaneously. In fact, 
the state of B is still the initial one | 1>b or | i>B, the expression for eq.(53) is just for simplicity mathematically'^. With the 
following representation of the state in eq.(50) 



1 



I"? >AB= —(I ^ziz>AB -I iJz>AB), (55) 



the original eq.(53) will be 



4=[^"""l Tn>A (e-'' sin ^1 Tz>B -e'" COS ^1 

^J2 2 2 



-e'"^1 in>A (e-'' cos ^1 Tz>B sin ^| i,>B)l (56) 

Although the parts for B can be rewritten compactly as in eq.(53), we could obtain the physical result easily and consistently from 
eq.(56), that is, with just the measurement for A, we should sum over all the possibiUties about B. For example, the probabihty 
for A to be at state | T«>a is 

-x(|cos-|2 + |sin-ft = -, (57) 

the same for the other one. If the magnetic field for measuring B is different from that of A, eq.(56) will be a good starting point. 
All the above descriptions can be written in more field theoretical forms. For example, the state in eq.(50) is 

'VABiXl,X2) = l/f^iXi)AlffliX2)B - t/fliXl)AlffriX2)B, (58) 

and the variation due to the measurement for A is (first order) 

6^'ABiXuX2) = (5iAt(jCl)Al/'i(-^2)B - 6lJ/ l(xl)At//l(X2)B, (59) 



Notice that eqs.(53) and (54) are of the forms in eq.(30) for two particles within two states. 
^ This simplicity is not for the other three Bell states. 
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or 




(60) 



In Bell's paper [8], there is a correlation function 



P(a,b) =AB< ^PKOA • a)(OB ■ bW >ab. 



(61) 



with eq.(17), the corresponding field theoretical expression is 



< 



(62) 



< / ^3X1 / d^X2¥^j,^ABiXuX2) > 



or the one similar to eq.(25)^^. 

There is still a problem in the analysis above, the field function in eq.(58) is not identical to the following expression 



The difference between them can be canceled in a artificial way, and the exact expression should be relativistic. Although, the 
EPR paradox is solved, it's just a misunderstanding. 

Furthermore, with our ideas, the so quantum entanglement is not real in nature, and among the four Bell states in SQM, 
eqs.(50) and (51) are physical states, while the other two 



are only superposition of states | 11>ab and | ii>AB- And the example shown in the original EPR paper can also be solved since 
it just involves the transformations between the lab frame and center-of-mass frame, as described below eq.(42) in section IV. 

VII. CONCLUSIONS AND DISCUSSIONS 

As we know, the SQM have several fundamental problems which are hard to understand, especially the quantum measurement, 
in which some subjective elements could involve. Even, from the EPR paradox, one may conclude that the quantum world 
violates the relativity causaUty and locaUty. 

In this paper, we try to give a new approach to the QM from the point of view of QFT. In section II, We first study a non- 
relativistic field theory, the so called Schrodinger field. We obtain the Schrodinger equation eq.(2) as a field equation, and the 
Heisenberg equations eqs.(lO) and (11) for the momentum and coordinate operators of the particles after the quantization of the 
field as well as the uncertainty relation in eq.(13). Then in section III, we give the probability concepts of QM on the base of 
a statistical ensemble and clarify the usual SQM state in eq.(28) as state of ensemble, avoiding the quantum collapse, which 
indicates that QM should be interpreted with the concept of ensemble. With these, we make a series of conceptual modifications 
to SQM in section IV and V, especially the superposition principle and quantum measurement theory, all of which are field 
theoretical consistent. In the end, we try to solve the EPR paradox with the use of these new ideas, i.e. the field theoretical 
language, as in eq.(54). 

Therefore, we conclude that, in the field theoretical language, all the quantum world is still objective, and the QFT (relativistic 
or non-relativistic) is the definite and unique theory that could describe the micro-world correctly. 
There are still some open problems, and we list here. 

* One is about the wave-particle duality stressed in SQM, where the wave property comes from the Schrodinger equation, but 
treating the wave as just probabiUty wave. Obviously these concepts are only assumed to satisfy the quantum experiments. From 
the QFT view, the wave part comes from the field, i.e. the space-time distribution, however, after quantization, for each particle 
state there is a corresponding wave function as in eq.(14). There should be a microcosmic interpretation for the space-time 
dependence of those eigenf unctions. A possible explanation is that there are some mysterious interrelations between space-time 
and particles. 

* Another problem is about the complex conjugate appearing in the Schrodinger field theory in eq.(l). In relativistic QFT 
[2], complex conjugate comes from some charges, for example the electric charge, and the particle number operator in eq.(8) 



In other words, the particle pair should be considered as one system, just like the single-particle case with states | Tnin>AB, I in'[n>AB, etc. 



lfrtS^l)AlffuiX2)B - lfrlS^l)Alff[S^2)B. 



(63) 



TT>AB ±1 U>ab), 



(64) 
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is implicit in the charge operators. Therefore, the complex conjugate in eq.(l) could be from the electric charge, like the Dirac 
field or charged Klein-Gordon field. In fact, there is another possibility which is related with the symmetry 



(65) 



i.e. the time reversal, and it is related with a anti-unitary operation on quantum states. In relativistic high energy regime, the 
fields can be expanded into positive and negative frequency terms corresponding to particles and anti-particles. Under eq.(65) 
and the complex conjugate impUcit in the anti-unitary operation, there is a rough balance^^. However, in the non-relativistic 
regime, there are no anti-particles, in other words, the field can be expanded into only positive or negative frequency terms. In 
order to keep the balance in the theory, complex conjugate fields must be included. This means that the fields iff(x) and i//*ix) 
could be used to describe some simple general quantum phenomenons like double-slit interference experiment, ignoring the fine 
structures, such as spin or polarization. Therefore, for photons, we could cut the general field Aj^(x) into two parts with only 
positive or negative frequency terms and A*(x), then we could define particle number operator as 2?=i J d-^xAl(x)Ai(x) 
with two polarizations. We will give a detail field description on the double-slit interference experiment in the appendix. 

* As we have shown in section IV, there are a class of superposition states as in eqs.(40),(42) and (43). Then whether we could 
construct state of ensemble with the use of states from difl'erent frames as follows 



with direction n not in the z direction. We don't think so, because we could not obtain the exact information about each state, 
since they couldn't be measured in the same experiment. Therefore, these kinds of states should be forbidden physically. 

* For single-particle ensemble, there is a good realization by preparing large number of samples of particles. Then what 
about the N-particle ensemble? In principle, we could also prepare large number of samples of this N-particle system, but it 
is impossible practically. Another possible realization comes from the statistical mechanics, that is ergodic hypothesis. Leave 
the system alone for a very long time T, then according to the ergodic hypothesis, the state will undergo all the possibilities in 
eq.(30), and the probabiUty for each state could be 



with all the periods of time for the system to be at state [rij]. The problem is then if eq.(67) is also proper for single- 
particle ensemble, with eq.(36) as the evolution equation? We also don't think so. The direct reason is that eqs.(36) and (38) are 
invaUd as shown below eq.(38). Besides, the N-particle system is much more complex than one-particle system, and the ergodic 
hypothesis has its sources such as interactions among particles. Another direct reason can be seen from eq.(44), which in SQM 
is an evolution on the sphere, but it actually involves only two states, ie. one particle within two states. 

* As analyzed in section VI, there is a familiar operation (or measurement) which could change the superposition state in 
eq.(50) into ensemble state in eq.(54). On the other hand, from eq.(52), there should be some operation which could change the 
state I Ti>AB into I^P >ab or lO >ab in principle, then what is this operation theoretically and practically. 

VIII. APPENDIX 1: DOUBLE-SLIT INTERFERENCE EXPERIMENT 

In QM, the most famous experiment must be the double-slit interference experiment which is believed to contain the essence 
of QM. In this appendix, we will study it in detail with the use of the ideas described in the text, and obtain the particle number 
distribution. 

The experiment is sketched in Fig. 1 . From the original point O, there will be a beam of particles moving to the double-slit 
screen, if the two slits are both open, then we will obtain interference fringes on the receiving screen. However, if we control the 
slits so that they are open not at the same time, then the interference fringes would disappear. 

There is a rough QM description with the use of the wave properties of particles as follows. For an arbitrary point x, there will 
be two waves i/f\ix) and i/fiix) coming from the two slits respectively, then the total wave will be 



and according to SQM, we should compute the probabihty \i//(x)\'^, then there will be interference terms. In fact, the interference 
can also be considered to be from the path difl'erence as sketched in Fig.l, from the point of view of waves. 



Noting that under the time reversal, the Dirac field transforms as Til/{t, x)T = -y^y^^i-t, x) without complex conjugate of the field.[2] 




(66) 



ifrix) = l/fiix) + lf/2ix). 



(68) 
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FIG. 1: Double-slit interference experiment. 



Now, let's give a field theoretical description with the use of the ideas in the text. Eq.(68) is still proper, with the functions 
as fields. The path difference in wave theory is actually phase difference which can be from interactions of the particles with 
the double-slit screen. The interaction can be considered to be elastic collision, and under the interaction, the energies of the 
particles are unchange while the momentums are changed. We can describe this process with the following form 

il/(x,xo)^ J d*y J d'^zK(x,y;xo,yo) 

xV(y)K(y,z;yo,zomz,zo), (69) 

with the propagator 

K(x,y;xo,yo) ~< 0|iA(^, xo)iA^(y,yo)|0 > . (70) 

We assumed the following interactions^^ 

V(y)^6\y-xi) + 6\y-X2), (71) 

and after simple computations, we will obtain the xi and X2 dependence of the field function. In fact, we can obtain them in 
a much simpler way, noting that the two slits are actually the two sources as in eq.(71), and the field equation will be that of 
propagator with source term. In one word, we can use the propagator in eq.(70) to analyze. Furthermore, we can extract the 
essence in the following way. Since the propagator is for free particle, we could have the field function in the interval [x, x + t/x]^^ 

il^ix) = flp,e'>' + ap^e'"'^''-'^-\ (72) 

then the particle number density N(x) = t//'' (x)iff(x) will be 

N(x) = al^ap^ +al^ap^ 

^ a + g-'a'(-t.-«i.J^2)„t „ 



where we have collected the phase terms in a compact from, and easily to see they will cause the interference. 

The next work is to find out the state of ensemble for the two states, that is the state in eq.(30) with k - 2. Furthermore, we 
can rewrite it in a regular way 

£ ^j{alf^^j(alr-j\Q>, (74) 



Notice that if we have infinite slits on the screen, then the interactions will be 6^(y - xi) + d-^(y - X2) + ■ ■ ■ = j d^x6'^(y - x) = I, then eq.(69) is just the 
combination of two propagators. 

The momentums of the particles will roughly be constant in this case. 
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where the arbitrary phase terms are already in eq.(73). Now, we need the mean value of particle number density < A^(x) > with 
the state in eq.(74) substituted. For the diagonal term, the result is just rii + n2, while for the off-diagonal terms we will have 

J] ini - j) y/PjPjTie'" + (m + ;) y/PjPjTie-'". (75) 

j=-ni 

For simplicity, we assume that all the distributions have equal probabiUty which is 

1 



(76) 



^ rii +112 + I' 
substituting into eq.(75), we then have 

(«! + n2) cos or, (77) 

which is the interference term! Therefore, the total particle number distribution is 

<N{x) >= (ni +n2)(l + cosa{x,xi,X2)). (78) 

If we control the slits so that they are not open at the same time, this means that we know exactly the distribution and the state, 
for example 

(a;j'{alJ'-\0>, (79) 

then the off-diagonal terms in eq.(73) would disappear, so does the interference. 

As is well known to us, R.Feynman|9| discovered his path integral formalism for QM just from this experiment. Now, we 
will show how to interpret this in QFT theory. In SQM, the coordinate x is also a operator, with 6ix - y) as its eigenfunction. 
Therefore, we could have an expansion for field 

t//ix) = J d^ya(y)6\x -y)= a(x), (80) 

with aix) the corresponding annihilator, then we could define 

\x >= a\x)\0 >, (81) 

and further 

\x, t >= e'"'\x >= e'"'tfr\x)e-'"'e'"'\0 >= il/\t, x)\Q >, (82) 
using eqs.(80) and (81). Then we have the Schrodinger equation for single particle'^' 

d\x,t> dj 

i^i—=i-,z^ + V(x))\x,t>. (83) 
ot 2m 

From eqs.(80)-(83), we can see that \x,t > is already a wave function, then what's the meaning of the following identity in 
SQM 

ij/(t, x) =< x\i//(t) >=< X, t\i// > . (84) 

We can expand \x, t> as 

\x, t >= Yj X n\x >= >lf*„ix)e-''^'''\n >, (85) 

« n 

without any coefficient «„ =< n\i// > as in eq.(38). This means that in the wave function \x,t > from field function directly, all 
the states have equal probability, while {i// > is not. Then which is physical, since we could put the different probabilities into 
ensemble states, as in eqs.(28) and (30). Our conclusions are that, the superposition principle for states in SQM is invalid, and 



Noting that we could treat either i// or i//' as fundamental field, while the other is related by the time reversal symmetry in eq.(65). 
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the coefficients could be added in, only if we would like to consider the ensemble state like eq.(28). An indirect reason is the 
path integral formalism of QM, which in modern fashion is [2] 

<X2,t2\xuh>=K(x2J2;xi,ti)~ J Dx(t)e'^^''^'^\ (86) 

With the notice of eq.(82), we have the equality of eqs.(70) and (86), which is self-consistent. 

Furthermore, as stressed in section IV, when there are non-linear interactions, the superposition principle in SQM fails, and 
the coefficients like a„, i.e. the probabilities are meaningless. However, the field expansion in eq.(14)( with a„ annihilator) could 
be used well, where all states are equally possible. Therefore, it seems that the probability concept for single particle is not the 
intrinsic property of QM, since it could be from the statistical property of ensemble. 

In one word, all these confirm the discussions in the text, that is QM should be interpreted in the framework of QFT, where 
the ensemble interpretation is valid. 



IX. APPENDIX 2: AN OPERABLE EXPERIMENTAL TEST 



A. Experimental principle 

There are already many interpretations to the QM, for example, the Copenhagen interpretation(CI), the ensemble interpre- 
tation(EI) which is revived in this paper However, they all seem to be somewhat metaphysical, and one could choose any 
interpretation at will. As is well known, with the CI, there is the so called quantum collapse in the quantum measurement 
theory. However, according to the El developed previously in section V, nothing unusual happens. In this appendix, we try to 
give an operable(quantum measurement) experiment to test which interpretation is much more proper, via the possible diff'erent 
experimental phenomena due to the two dififerent interpretations. 




FIG. 2: The experiment sketch. 

We use the famous Stern-Gerlach experiment [10] as our base, which involves the quantum measurement of spin. Besides, 
we add another apparatus to the original one, which may be considered to be a variant of the Stern-Gerlach apparatus with the 
non-uniform magnetic field replaced by a uniform one, as in section V. The combined apparatuses are sketched in Fig. 2. Now, 
let a beam of electrons with specific spin | f a > travel into the first magnetic field, obviously there's no deflection for the electrons 
because of the uniform magnetic field. According to QM, the final state will be 



10 ^( 
V2 



(87) 



with CO = \e\B/2me, and T the period of the electrons traveling in the first magnetic field. According to CI, the state in eq.(87) 
is a superposition state for a single electron. Then, let these electrons travel into the second magnetic field, i.e. we make 
measurements on the spins, and Stern-Gerlach apparatus would split the beam into two distinct components. And according to 
CI, the probability for observing the | t.v> is 



<t., 10 > I = cos^ ojT, 



(88) 



similarly for | 4,j;>, 



|(;* > r = sin^ LoT. 



(89) 



However, according to El, we should treat the state in eq.(87) as an ensemble state, which briefly says that the electrons in the 
beam are roughly divided into two parts with almost the same particle number, one with state | tz>, the other | i~>, with e=^"^^ 
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irrelevant phase terms^". This means that, when we make measurements with the Stem-Gerlach apparatus, the probability for 
observing the | tx> will be 

I <T. 10 > I'l <T. I T.> ? + 1 <i. 10 > I'l <T. I i.> I' = \, (90) 

with the same probability for | \,x>- 

Since in the experiment, the probabilities are related to the ratios of particle numbers, then there are obvious differences 
between CI and EI, comparing eqs.(88)(89) with (90). That is, by tuning the strength of magnetic filed or the length of the first 
apparatus, we could vary the phases in eqs.(88) and (89) to obtain alterable probabilities, correspondingly the particle numbers 
in the two components. We even could obtain nothing in one of the two components, when 

ojT=nn n = 0,±1,±2,.... (91) 

However, according to EI, we would always obtain two components with equal particle numbers up to admissible experimental 
error 

Therefore, with the possible results of the above experiment, we could obtain the following conclusions: 

{\)The notable differences between the particle numbers are observed by tuning the possible parameters, then CI is more 

proper, furthermore, we obtain the strict evidences of the superposition state. 

(2) The particle numbers of the two components are equal up to admissible experimental error, this means that CI is wrong, 
while EI is more proper, and the state in eq. ( 87) is not a superposition state. 

(3) We observe a complete new phenomenon which can not be explained by either CI or EI, then we have to find out another 
proper interpretation to QM. 



B. Analysis in some details 

Although the CI to QM is famiUar to us, there are still some corrections, which can be seen by adding the wave functions to 
the state in eq.(87)^i 



_L.(^^ipL-{E-^o>m I +gi[p'L-{£-c.)r ]| ^^^^^ (92) 



1 

with L the length of the first apparatus. In short, the above function can be rewritten as 



-^{\E + oj,pA,>+\E-aj,p',i,>), (93) 

with the meaning of superposition of two different states. From eq.(92), we can see that the complete probabilities corresponding 

to eqs.(88) and (89) will be more complicated due to p' and T' . However, if the frequency o) is much smaller than the energy of 
the electron, i.e. cj E, then eqs.(88) and (89) are still vahd to first order. These can be seen as follows classically 

Lmp 1 

pL-(E + (o)T^pL-^X — ^-pL, (94) 
Zme p L 

similarly for the other phase term. Then the phase difference is approximately 

1 1 2ot 

-{p-p')L^-x2^uyL = l(Jt, (95) 

2 2 p 

with p ^ -^ImgE and T ^ Lmd p. We can even construct real wave-packet for each state 

J Jfe0(fe)e'[*^-(^^-)^l J jr0(r)e'[^^-(^-")^'l, (96) 



The phase terms could have their effects in some physical process, for example the Young's double-slit experiment in the last appendix. Here, the measurement 
is about spin, so those phase terms may have no effects. 

In fact, the state in eq.(92) seems to reveal a self-contradiction for CI, which will be discussed in the end of this subsection. 
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with the respective probability densities \(p(k)[^ and \<p(k')\^ which are mainly valued near k = p and k' = p' . Furthermore, notice 
that the average momentum k should be constant in the process, then we have 

m = (!){k')e'\ (97) 

the phase term can simply be ignored. With these, eq.(95) will be still vahd. In fact, within the CI, since the phase terms always 
affect the probabilities, the results of the experiment are always tenable. As for EI, the phase terms are irrelevant to the physical 
results, so the conclusion is the same. 

According to the mail text, EI is consistent with the (non-relativistic) quantum field theory, where the Schrodinger field is a 
basic element. After field quantization, particles are excited from the field, and satisfy the Schrodinger equation automatically. 
Therefore, we can not distinguish EI from CI by the equation of motion. In fact, the most important distinction between the two 
interpretations comes from the concept of superposition state, as shown in the above experiment. Both CI and EI agree that the 
state I Tx>= -^(1 Tz> +1 iz>) is a superposition state, but CI also includes the state in the form of eq.(87) as superposition state, 
while EI puts it into the class of ensemble states. Obviously, the differences are the phase terms e"^'"^ . 

In section IV, superposition state is defined as the state which must be physical and could be expressed in the form of super- 
position of states with fixed coefficients. However, the state in eq.(87) is expressed with coefficients of different phases. One may 
say that the phase difference is also fixed in eq.(87). This is because the electrons have traveled out of the first magnetic field, 
and as long as they were in the field, the phase difference would be variable. Then why the name of ensemble state? The reason 
is briefly that, we can treat the beam of electrons as an ensemble, with the assumption that the state of every single particle is 
definite and unique (but unknown to us if without any measurement), as long as there 's no disturb. With these, the state in eq.(87) 
is actually some representation of the ensemble of particles, among which, one half has the state | tz>, the other half | J,^>. The 
physical process is the state transition from | tA> to | tz> and | i{> with respective probabiUties. Besides, the wave-packets in 
eq.(96) are also ensemble states, and the probability (density) will be 

\mf\ <Tz 10 > I' = mt\ <T. I T.> I'. (98) 

similarly for the others. 

Now, let's have a look at eq.(92). According to CI, it means that the electron should be at both the two different states 
simultaneously. However, the time periods T and T indicate that this's impossible! What's the matter? The reason is as follows. 
First, we emphasize that eq.(92) is suitable for both CI and EI mathematically, and its meaning is superposition of states. In fact, 
eq.(92) could be rewritten generally as 

J_(g,[;,x-(£+«)r]| -|.^^ ^^\p':c'-(E-oy)n^ ^^^^^ ^gg^ 

for general space and time (t, x) and {f , x')^^. Since both the two terms satisfy the Schrodinger equation(with different space- 
time coordinates), then the superposition principle is still valid. In QM, the state evolution operator is of the form exp(-iHt) 
with only one time parameter, which seems to contradict with eq.(99), then how to explain this? A space-time transformation^^ 
is needed 

lf=f{t,x) x'=git,x), (100) 

which should leave the Schrodinger equation invariant, so that the superposition principle is proper. A possible transformation 
for this case is the space-time translation 

t' =t-At x' =x-Ax, (101) 

which has a physical meaning in EI, not CI, because the latter says that the superposition of states is for single electron which 
should not have two space-time coordinates in single lab reference frame. With EI, the two different states are for different 
electrons, for we have assumed that the state of every single particle is definite and unique above. Then the physical picture is as 
follows, one electron with the coordinate (f, x) which have traveled out of the magnetic field, while another electron is traveling 
in the field with coordinate {t',x') as in eq.(lOl), and so on. In other words, we will have a coordinate sequence for all the 
electrons in the sample 

{t,x),{t',x'),{t",x"),..., (102) 



Here, we have the wave stand for a particle with state (E, p) at space-time point (t, x), which is a little different from the concept in the QM with CI, 

in fact the wave factor already contirms the uncertainty relation and is very useful in QFT. 

The transformations in eq.(lOO) are in the active view, that is there are some operations which transform (t',x^) to (t,x), for example eq.(lOl) means a 
translation that takes the particle at (?', x') to ((, x) leaving the energy and momentum invariant. 
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along with the experiment being in progress. Note that the sequence eq.(102)is not in a chronological order, for we could either 
let electrons travel one by one or have them all together. Supposing that the first electron is at state | tz>> i-e. the first part of 
eq.(99), then if the next electron is at state | tz> or | i^>, we could set the space and time intervals in eq.(lOl) so that^'' 

g-i[pAx-iE+ui)Af] _ g-i[p' Ax-(E-(o)At] _ (103) 

and so on. Therefore, we could collect all the electrons as an ensemble, and further via the coordinate transformation eq.(lOl) , 
we would obtain a formal field description, ignoring by eq.(103) the irrelevant phase terms for At and Ax 

V2 

QM in CI treats eq.(104) as a wave function for single electron, and it is proper only mathematically, not physically. The obvious 
reason is eq.(92), in which the space and time intervals L, T and T' are invariant under the translation in eq.(lOl). 

The translation in eq.(lOl) satisfying conditions in eq.(103) provides a larger class of space and time intervals mathematically, 
so we have to restrict it further physically. A useful condition is 

d(E + w) p 

Ax = -At ^ —At (105) 

op Me 

d(E - (jj) p' 

Ax = — -At ^ —At, (106) 

op' nie 

corresponding with the two in eq.(103). The meaning of eqs.(105) and (106) is that a real particle travels Ax during the period 
At, reaUzing the translations in eq.(lOl) physically. The reason for these conditions can be seen from the meaning of the 
(non-relativistic) propagator 

K{X2, ti; xuh) ~ J ^/pe'bfe-AcO-fipfe-^i)]^ (107) 

that is a particle created at (xi,ti) travels to (x2, fa), and then is annihilated. Thus, the causaUty are fulfilled. 

We should emphasize that all the conditions above is only possible conceptually, not practically in a real experiment, because 
we can't know the exact state of a particle and tune the apparatus to satisfy conditions in eqs.(103)(105) and (106) individually. 
One can let the electrons travel one by one with condition 

^-i(pAx-EA,) ^1 ^ dE^j ^ p_^^^ ^^^g^ 

op Me 

then we go back to the similar case as in eqs.(94) and (95). One can also let the electrons travel together, then we have to set 
At = 0, i.e. 

t'^t x'=x-Ax, (109) 

which violates the casuahty evidently. In other words, condition in eq.(109) is proper only for electrons with the same state 
with Ax = 0, too^^. Then, the simultaneity for a single electron at different states is completely impossible, indicating that 
eq.(104) is valid only field theoretically by using the ensemble concept. In fact, eq.(104) can be constructed mathematically by 
even including the particles(or states) which could even violate the causality, for example particles with space-like interval like 
eq.(109), so does the more precise relativistic case in the next subsection. Therefore, field (or wave) function like eq.(104) and 
field(or Schrodinger) equation are not enough to describe the physical world, so QM with CI which is based only on those two 
items must be incomplete. 



X. APPENDIX 3: A SIMPLE RELATIVISTIC EXTENSION 



To understand the discussions in the last appendix more precisely, let's have a look at a free particle excited out of the 
relativistic real scalar field. The general wave for one momentum state is 

exp i(px - Ept) eI^ p^ + n?, (110) 



The conditions in eq.(103) are only some convenient gauges, and those phase terms are also signatures of ensemble state, similar for the relativistic case 
discussed below. 

Here, the traveling is in just one direction, so the statement is correct. However, it is impossible for two and more particles with the same state at a single full 
space-time point (f, x, y, z) physically, but particles with different states can collide from each other at the point. 
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with space-time coordinate (t, x). If there is another particle with the same momentum state, but different coordinate {f, x'), then 
a translation in eq.(lOl) will take this particle to the former {t, x), leaving a phase term 

dE p 

exp -iipAx - EpAt) Ax = —At = —At, (111) 

dp Ep 

which could be rewritten as 

exp -i{pAx - EpAt) = exp -i( Ep)At = exp imAr, (112) 

Ep 



with the space-time interval At = At Vl - v^^^. As for a particle with different momentum p', we obtain the similar result 

exp JOT At' At' = At Vl - v'^, (113) 

which means that for any time-like interval, there is a corresponding translation from (?', x') to (t, x) that can be realized phys- 
ically by the motion of particle, just like eqs.(105) and (106). In addition to the space-time translation, there are also space 
rotations and boosts which make up the full Lorentz transformations. Obviously, the space rotations can not realized physically, 
for they violate the causality. Now, let's see the boosts, for example 

X' = ^ t' . (114) 

with simple computations, we have then 

if - tf - ix' - xf = 2{t^ -x^){l- , ^ V (115) 

Since we can only study a particle physically, then 

{i^-x^)>Q (t'^-x'^)>0, (116) 

thus the right-hand side of eq.(l 15) is negative, i.e. {f, x') is outside of the light-cone of (t, x). Therefore, there are no physical 
realizations of boosts. 

Although, we can still make all the operations above individually or by combinations mathematically and after setting all 
phases to be 1, we can obtain a field formula 

\^it, x) = y dp<f>ip) exp i{px - Ept), (117) 

with possible momentum distribution \(pip)\^. Like eq.(104), the field in eq.(l 17) should be treated as a collection of all particles 
whose coordinates are related to (t, x) with the use of those operations, i.e. a large ensemble. Further more, when Lorentz 
symmetry is considered, the momentum distribution will be |1/ yJlE^^, for the following expression 



d'^p5\p^,i^-m^)\po>0, (118) 



is Lorentz invariant[2]. All these discussions are also suitable for anti-particles with complex conjugate of the waves. 

Therefore, the mathematical structure of filed contains no information about the locality and causality, locality is completely 
obscure because of field function in eq.(117) collects the particles almost in the world, while causality can be realized only 
artificially with the conditions proposed as in eq.(lll). In other words, we can not eliminate mathematically the particles that 
are meaningless physically, for example, we can construct a wave e'[p(^+^*)-^pfl with a pure space-like interval from {t, x), and it 
can be reduced to the usual wave by choosing gauge e'^^^ - 1, however the two particles would never have any causal 

relation unless one of them have changed into other states. This may be a possible reason for the non- vanishing of the expression 
with space-like interval[2] 

D(x - y) =< Omx)iJf(y)\0 >~ j d'p^e-"'<'-y\ (1 19) 



' For massless particles, At = 0, but the phase term can still be written as exp -i(j>Ax - EpAt). 
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i.e. there may be a particle traveling along a space-like interval, which violates the causality obviously. However, what we have 
observed the world should be causal, even if non-local, so we have to reinterpret the field physically by identifying it with an 
ensemble. That is to say, all the particles in the world could be treated as one large ensemble, no matter when and where they 
appear, while physics is causal and local independently in the sense that particles move chronologically and collide with others 
only locally, and particles which are in the space-like interval initially can interact with each other as long as the states of some 
of them are changed, for example the two particles ^^lA g'tf^^^p') can't interact with each other at first, but if the 

former one was reflected by some wall obtaining momentum -p, then the two particles would collide latter Since we can't 
know the state of a single particle without measurements, all of the possibilities should be concerned with the corresponding 
probabilities. 



(t 1 ,x I ) 



(E i,P i) 




FIG. 3: A simple collision process. 



The motions and collisions of particles are well descried in Feynman diagrams, such as the one in Fig3. And there are 
also Feynman rules to compute the process. Here, we could describe it in the following simple way. The particle at the three 
space-time points are represented as 

gi(piAi-£i/i) gi(piA-£if) (120) 

^i(P2X-E2t) gKpixi-Eih) (121) 

with two wave representations at (f, x) for the interaction. Then using eqs.(l 1 1)(1 12), we will obtain 

^KpiX2-E2li) _ ^HpjjLi-Eitj)+imATj+imAT2+il,Apx-AEt) (122) 

with e™^'^! g""AT2 fjjg propagators for lines in Fig3, and the last term g'i^px-f^Et) standing for the energy and momentum exchange 
from another particle, i.e. an interaction at (f, x), and in order for the conservation of energy and momentum, a phase term 
g-i(Apx-AEi) sijould be contained in the latter particle. We can further extend eq.(122) by multiplying a general term for single 
particle 

exp i(m ^ Art + ^ (pi„,). (123) 

k 

And as stressed above, due to our lack of the knowledge about the state of particles, we have to use the ensemble concept to 
include all the possibilities about (E, p) and (f, x), i.e. integrations over both the momentum space and configuration space, then 
QFT is obtained with other structures added, such as spinor, vector and tensor 




FIG. 4: The electron self-energy. 



In fact, it seems that there are a lot of processes which are not physical at all in the QFT, for example the process in Fig4 
which stands for the self-interaction of an electron with the so called virtual photon[2]. The reason why it's not physical is 
that it violates causality obviously if the photon is a physical one, for an electron can not reach the photon, starting at the same 
space-time point with photon. This is only one simple example which causes the divergences in QED, then we could conjecture 
that all the divergences in QFT are related with some un-physical processes. Therefore, to get rid of the divergences, we have to 
replace the un-physical processes with some physical ones. Whether it's feasible or not is still an open question. 
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